A major problem of concern in high-filling engineering is settlement deformations in filling foundation. Such deformations are affected by many factors. In this study, a large-scale centrifugal model test was carried out to study the deformation of high-filling foundation of loess in a gully area, under the conditions of natural water content and rising groundwater respectively. The treatment technology between the original mountain slope and the filling body was also investigated. It was found that the settlement deformations of the high-filling foundation mainly occurred under the condition of increasing centrifugal acceleration. The settlement rate also increased in this process, and the final settlement increased with filling thickness. When the groundwater in the filling body rose, additional settlement in the filling foundation occurred which readily leads to foundation destabilization. Improving the compactness had a significant effect on reducing this additional settlement. Adopting a stepped treatment method to overlap the original mountain slope, the filling body helped to decrease the settlement of the filling foundation above the joint. However, it was not conducive to controlling the settlement of the adjacent filling body. The slope of the original mountain should be taken into account in the design of the overlapping method. For the overlapping region between the filling body and the original rock mass, permeable materials should be installed in the joint which can be compacted to form a permeable zone, which in turn could connect to a drainage pipeline laid at the bottom of the gully. The bedrock fissure water is then efficiently drained and the water infiltrating into the filling body reduced. This could help to avoid a large amount of additional settlement and is beneficial to the foundation's stability after construction.
INTRODUCTION
The Loess Plateau in China is famous for the extensive distribution and thickness of loess. With the implementation of China's western development strategy, western urban expansion and economic development are progressing in parallel. Due to the special geological and topographical conditions of the Loess Plateau, there is a shortage of available land resources, so land reclamation projects are gradually increasing, especially in the gully area [1] [2] [3] [4] . Loose loess is used to fill in the gully which then forms the foundation after compaction. Deformations in the settled foundation have become an issue of paramount importance. It is a complex problem and the main calculation methods used in its analysis include hierarchical summation methods, numerical calculation techniques, and model prediction methods [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . As foundation settlement deformation is a slow process and the deformation mainly comes from the material weight or other factors related to the weight, generalized model tests cannot truly reflect the actual state of stress and strain in the process. Furthermore, these generalized model tests are very time-consuming. However, a geotechnical centrifugal model test can reproduce the weight stress conditions with excellent similarity, and thus has been widely adopted in various fields of research [16] [17] [18] [19] [20] [21] [22] . In recent years, some important advancement has been made in the field of loess research on the failure mechanism and stability of the filling foundation using centrifugal model testing [23] [24] [25] [26] [27] [28] [29] . However, filling in the gully area will certainly change the groundwater seepage path and break the seepage balance of the groundwater. Poor drainage conditions will raise water levels and threaten the stability of the foundation. To date, little research has focused on this aspect of centrifugal model test. Similarly, research on the treatment technology of the joint between the filling foundation and the original mountain slope is lacking. Therefore, it is necessary to conduct further studies to improve the loess high-filling foundation settlement control technology. Based on the loess high-filling engineering in a gully area of Yan'an, this paper investigates the deformations in the filling foundation and the treatment technology of the joint between the filling body and the original mountain slope. Centrifugal model tests were carried out to study the deformations of high-filling foundation under the conditions of natural water content and rising groundwater respectively. The results of these tests were discussed in terms of settlement, earth pressure, pore water pressure and the relationship between settlement and rising groundwater level. The research results may provide references for the design and construction of similar projects.
LOESS SAMPLES
Taken from a high-filled site in the gully of Yan'an, the test loess samples were greyish yellow. The physical properties of five test samples were determined according to the Chinese National Standards (CNS) GB/T50123-1999 [30] . The soil was mostly fine-grained in which the clay ranged from 9.29-9.45%, the silt content was within 80.79-81.92% and fine sand accounted for 8.63-10.15% of the samples. The D50 and uniformity coefficient were respectively 26.89-27.63 μm and 12.04-12.98. The specific gravity of the samples was 2.69-2.71. The liquid and plastic limits were within the range 25.2-25.8 and 15.9-17.1, respectively. Tab. 1 lists the key properties of the five soil samples and the particle size distribution is shown in Fig. 1 . The test results showed that the soil is classified as silt, according to CNS GB/T50123-1999. A light compaction test found that the optimum water content was 14% and the maximum dry density was 1.78 g/cm 3 , the results of which are shown in Fig. 2 .
the limit of centrifugal acceleration is 300g. The maximum size of the model box is 1500 mm in length and 1000 mm in both width and height. For the centrifugal model tests conducted, the length, width and height of the model box were 1350×400×900 mm respectively. 
Design of the Model Test
The lithology on both sides of the gully area of Yan'an is mainly composed of intact loess and hard sandstone, which was determined through field investigations and data analysis. Thus, the test model was made according to the typical cross section of the gully. Comparing the geometric dimensions of the model box and the actual field section, the maximum similarity ratio possible is N = 100, which was used for this series of experimental tests.
It should be emphasized that intact loess is a typical structural soil and the unique structure determines its special engineering properties. It is very difficult to keep the original structure of the intact loess and rock bulk samples during long-distance transportation and complex model preparation processes. The main object of this study was to investigate a compacted loess filling foundation. Therefore, from the perspective of the research object and the similarity ratio of the centrifugal test, the intact loess was replaced by artificially compacted loess, and the hard sandstone mass was replaced by two bedrock boxes made of thick steel plates.
This research investigates the deformation law of the loess high-filling foundation in the gully area and then further explores the treatment technology of the joint between the filling body and the original mountain slope. In the actual full scale site, the joint on the left side of the gully had undergone a stepped treatment, while the right joint had not. Thus, the scale model used in the experimental tests was reflective of all these features. Fig.  3 shows a sketch of the scale model design with the various numbered sections explained in Tab. 2. During the tests, the settlement, earth pressure and pore water pressure were continually monitored using specialized sensors at the locations shown in Fig. 3 . These precision sensors of the centrifuge had a negligible impact on the internal stress field of the measured object due to their small size and high sensitivity. 
Model Fabrication
To begin, the water injection pipes were installed in the bedrock box and put in the correct position as per the model design. Guaranteeing the waterproof integrity of the entire model box was an essential requirement of the fabrication process. Thus, the corners of the box were double-sealed using a high quality sealant.
The outline profile of the model was firstly drawn on the outer wall of the model box before introducing the various soil sections. The test soil from the site was filtered through a 5 mm sieve and then the water content was adjusted to 12.00%, sealing it for 24 h. Tamping in layers with a small-sized rammer was applied to the compaction. The dry densities are referenced in Tab. 2. When filling the model box with soil, the thickness of each layer should be controlled to within 50 mm. The measurement sensors and other auxiliary equipment were also installed during the fabrication process. Fig. 4 shows images of various stages of the model fabrication. 


Intact loess
It was replaced by artificially compacted loess. The dry density was 1.65 g/cm 3 , the water content was 12.00%.

Hard sandstone mass
Thick steel plate was used to prepare the model, (referred to as the bedrock boxes), to replace the hard sandstone mass. The boxes were hollow and capable of storing water. There were a number of drainage holes on the side in contact with the filling body. The fact that the bedrock fissure water on both sides of the original mountain slope seeped into the loess filling body could be represented by the bedrock boxes. 
Test Procedure
The testing campaign consisted of two working conditions: filling foundation stability tests with natural water content (WC1); and rising groundwater level (WC2). The test procedures are concisely explained as follows. WC1: The model was installed into the centrifuge. When the centrifugal acceleration reached 40g, 60g and 80g respectively, the acceleration was held constant for 5 min until the readings from the sensors stabilized. The centrifugal acceleration was then increased to 100g. The acceleration was again held constant at 100g until the settlement deformation became stable. The stability criterion was that the fluctuation reading from the settlement sensors must be less than 0.2 mm. Finally, a controlled deceleration, or centrifugal unloading, was performed until the machine was shut down. WC2: The model was not altered after the WC1 test was completed. Rather, water was introduced to the bedrock boxes through the injection pipes until they were filled, ensuring the same water injection rate of the two bedrock boxes. Then while testing immediately, the centrifugal acceleration was uniformly increased to 100g.
It was then held constant at 100g for 35 min. The WC2 test was then stopped. The purpose of the WC2 test was to analyze the deformation law of the filling foundation under a rising water level scenario caused by the permeation of bedrock fissure water from the original mountain slope.
TEST RESULTS
WC1: Test Results in Natural Water Content
The consolidation process of the filling foundation under a natural water content scenario was simulated in WC1. The test was carried out for 30 min at an acceleration of 100g, which is equivalent to the consolidation of the full-scale foundation over duration of 208 days.
Settlement
Several cracks appeared on the surface of the completed test model. These cracks were particularly severe in the regions close to the joints, as can be seen in Fig. 5 . The ground surface settlement curve of each measuring point in WC1 is shown in Fig. 6 . Fig. 6 reveals that the settlement deformation mainly occurred as the centrifugal acceleration increases, and that the settlement rate also increased in the process. The thicker the filling soil, the greater the settlement is, and an uneven settlement occurs on the surface in the case of natural water content. The uneven settlement at each measuring point is magnified as the acceleration increases, ultimately leading to ground surface cracks in the model. The values of the sensors L7, L6, L5 and L1, L2, L3 respectively reflected the settlement on the left and right filling foundations, whose joints went through the stepped treatment and untreated process. The original mountain slope had the same gradient, so the filling thickness in the corresponding positions on both sides of the model were the same; i.e., L7-L1, L6-L2, L5-L3. According to the test data, the differential settlement of each measuring point increased with the increase in centrifugal acceleration. L7 and L6 had less settlement than L1 and L2 respectively, which indicates that the stepped treatment of the joint was helpful in controlling the settlement of the filling foundation. However, comparing L5 and L3, the settlement of L5 was greater than L3. As the original mountain slope was quite steep, as reflected in zones abca and defd of Fig. 3 , the filling body above the joint had a tendency to downslide as the centrifugal acceleration increased. This, in turn, will squeeze the filling body in the central section (zone befcb of Fig. 3 ) and reduce the settlement in this area to a certain extent. Compared with the right side of the model, the stepped treatment to the joint on the left side delays the downslide tendency of the upper filling body, making the squeezing action of the portion on the right side more intense than that on the left side. This reduced the settlement of L3 to some extent, which finally led to the settlement of L3 being less than that of L5.
Earth Pressure
In order to study the vertical earth pressure distribution, the earth pressure sensors T1 and T3 were placed adjacent to the left and right joints respectively. T2 was placed in the center of the filling body (see Fig. 3 ). The measurement results of the vertical earth pressure are shown in Fig. 7 . With the increase of the centrifugal acceleration, the earth pressure also increased, as shown in Fig. 7 . The earth pressure changed step by step, in keeping with the stepped acceleration profile, and had no drastic changes until the acceleration reached 100g. T2 was buried in the central portion of the filling body and the measured values were essentially the same as theory would predict. T1 was located at the bottom of the joint which underwent the stepped treatment, while T3 was located at the bottom of the joint which had no treatment. The earth pressure measurements of T1 and T3 were less than T2 at each centrifugal acceleration stage. When the acceleration was greater than or equal to 60g, the measured value of T3 was smaller than T1 and the difference between the two values magnified as the acceleration further increased. Thus, these results show that when the centrifugal acceleration reached 60g, the filling body above the joints had squeezed the filling body in the central portion and the squeezing action from the right was more intense than that from the left. This squeezing action could partially counteract the filling load. The result that T3 < T1 < T2, and given the fact that the self-load of the filling body is a major precipitating factor in settlement, also supports the result that L3 < L5.
The results of the above analysis suggest that adopting the stepped treatment method to overlap the original mountain slope and the filling body has a positive effect on reducing the settlement of the filling body above the joint. However, it is not conducive to controlling the settlement of the adjacent filling body. This largely relates to the downslide tendency of the filling body above the joint. Furthermore, the downslide tendency is also associated with the geological engineering conditions of the original mountain. This requires further study.
WC2: Test Results in Rising Groundwater Level
The WC2 test was maintained for 35 min at an acceleration of 100g. This is equivalent to the full-scale foundation consolidating for duration of 243 days while the groundwater level in the filling body is gradually increasing.
Settlement
The ground surface settlement curve of each measuring point in the WC2 test is shown in Fig. 8 . It should be highlighted here again that the foundation had already been consolidated for 208 days (full scale equivalent) in natural water content. Thus, the compaction degree and strength had been greatly improved. However, with the rise of the groundwater level in the filling body, additional settlement occurred to the filling foundation. The thicker the filling soil, the greater the additional settlement is. The additional settlement was significantly smaller than that in the natural state. This indicates that when the compaction of the filling was improved, additional settlement caused by the rising groundwater level can be greatly reduced. Thus, compactness should be enhanced as much as possible in filling engineering projects.
The qualitative feature of the ground surface settlement with natural water content was similar to that in the rising groundwater level. The settlement in L7 and L6 was less than that in L1 and L2, and L5 was greater than L3. However, the differences between the L5 and L3 values are very small at: 0.005 mm in 1500 s (100g); 0.006 mm in 2000 s (100g); 0.007 mm in 2500 s (100g); and 0.006 mm in 3000 s (100g). Despite the high acceleration of 100g, these differences did not increase with the rise in groundwater level. This is because the settlement in L5 and L3 was simultaneously affected by the rise of the groundwater level and the squeezing action of the filling body above the joint on the left and right sides. On the one hand, the rising groundwater level could cause additional settlement, resulting in an increase of the total settlement. On the other hand, the strength of the deep soil is reduced due to water saturation, which in turn is beneficial to the downslide of the filling body above the joint, enhancing the squeezing action and reducing the settlement. During the WC2 test, the earth pressure sensors failed and so the data were not collected. Thus there is no pressure analysis reported in this section.
Pore Water Pressure
K1, K2 and K3 are the pore water pressure sensors, the location of which is shown in Fig. 3 . As with the earth pressure sensors, K1 and K3 were placed adjacent to the joints and K2 was in the center of the filling body. The pore water pressure curves are shown in Fig. 9 . The centrifugal acceleration reached 100g at 900 s and remained constant thereafter. The water in the bedrock boxes seeped through the vertical section where K1 and K3 were located, so the pore water pressure changed first in K1 and K3. The change in K2 lagged behind because of the water permeation from both sides to the centre. After 1800 s, it is found that the pore water pressure of K3 was the highest, followed by K2 and then K1. If symmetric, the pore water pressure of K3 and K1 should always be greater than that of K2. However, due to the positioning of the 3D vegetation net, K1 was less than K2, as shown in Fig. 9 . The water could seep but also could be diverted by the 3D vegetation net. Some of the water flowing out of the bedrock box laterally seeped into the filling body, while some water flowed downward along the 3D vegetation net with gravity. Compared with K1, the same amount of water would accumulate and seep into the filling body because there were no diversion measures on the side of K3. The tests also demonstrated that the residual water of the left bedrock box was significantly less than that on the right. The pore water pressure was analysed at eight different times during the WC2 test, and the groundwater level at each moment was calculated inversely. The results are shown in Fig. 10 . Fig. 10 , the moisture in the deep filling soils is constantly changing. It was found that compared with the right side of the model, the groundwater level on the left side, where the 3D vegetation net is located, was lower. In parallel, the rising groundwater level, coupled with the increasing rate of saturated thickness of the filling body, gradually decreased. This indicates that this feature could play an important role in controlling the rise of groundwater level. For example, when filling engineering activities are carried out in the gully area, permeable materials such as coarse aggregate could be arranged at the joint between the filling body and the original bedrock mass. They could then be compacted to form the permeable belt which can promote the diversion of the bedrock fissure water. Finally, by connecting the permeable belt to the drainage pipes at the bottom of the gully, the water would be discharged along the pipeline and the infiltration capacity of the filling body would be reduced. This would be conducive to the stability of the filling foundation and can prevent the large postconstruction settlement.
The Relationship between Settlement and Rising Groundwater Level
As shown in Fig. 11 , a relationship between the ground surface settlement and the groundwater level under a centrifugal acceleration of 100g (1000-3000 s), was established. After consolidation for a certain period of time in the natural water content test, the homogeneity of the filling foundation had been improved. Fig. 11(a) shows the relationship between the ground surface settlement and the groundwater level in the center of the filling foundation (L4-K2). This location was the farthest from the boundary and thus was least affected by the boundary conditions. The relationship is well approximated by two straight lines of different slopes which intersected at 120 mm. When the groundwater level increased above 120 mm, the settlement amplitude noticeably increased and the filling foundation became unstable. Fig. 11(b) shows the relationship between the ground surface settlement and the groundwater level adjacent to the joints, and it is more complex than that in Fig. 11(a) . The settlement in L5 was larger than that in L3 for the same water content, which indicates that the squeezing action of the filling body above the joint on the left side of the model was weaker than that on the right side. When the groundwater level was less than 120 mm, a nonlinear relationship was observed in both L3-K3 and L5-K1. Conversely, when the level was greater than 120 mm a linear relationship was found. A possible explanation for this is that when the groundwater level increased to 120 mm, the filling foundation above the joint on the right side of the model was unstable and the squeezing action was maximized. The filling foundation on the left side remained stable, influenced by the stepped treatment to the joint.
To summarize, an effective drainage system should be established during the whole process of high loess filling engineering in a gully area to prevent the destabilization of the filling foundation with rising groundwater level. In addition, the treatment technology of the joints between the original mountain slope and the filling body should be reasonably designed based on the geological characteristics of the original mountain slope.
CONCLUSIONS
This study investigated the deformations of highfilling foundation of loess in a gully area and the treatment technology utilized between the original mountain slope and the filling body. Experimental centrifugal model tests were utilized to examine these features. The key conclusions from the research are as follows.
The filling in the gully area will inevitably break the regional balance of groundwater seepage and will easily lead to a rise in groundwater level. It will directly affect the stability of the filling foundation. Various treatment technologies utilized at the joint between the original mountain slope and the filling body has different effects on the post-construction settlement of the filling foundation.
Under the condition of natural water content, the settlement rate of the foundation increases with an increase in centrifugal acceleration. The thicker the filling soil, the larger the settlement is. Under the condition of rising groundwater level, the filling foundation shows a qualitatively similar settlement profile as the natural state. With a rise in groundwater level, additional settlement occurs to varying degrees, which leads to the instability of the filling foundation. Enhancing the initial compactness of the foundation is conducive to reducing this additional settlement induced by rising groundwater.
The overlap between the filling body and the original mountain slope includes two regions. The first is the filling versus the intact loess and the second is the filling versus the original bedrock mass. For the overlap between the filling and the intact loess, adopting the stepped treatment method to the joint helps to reducing the settlement of the filling foundation above the joint, but restricts the squeezing action from this portion of filling. It will not contribute to controlling the settlement of the adjacent filling body. For the overlap between the filling and the original bedrock mass, it was found that installing permeable materials at the joint and compacting them to form a permeable belt (which in turn is connected to the drainage pipeline laid at the bottom of the gully) can advantageously discharge the bedrock fissure water so that the water infiltration and the rising groundwater level can be controlled. This is beneficial for the stability of the filling foundation.
